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Summary
In Arabidopsis, the flagellin-derived peptide flg22 elevates
antibacterial resistance [1] and inhibits growth [2] upon per-
ception via the leucine-rich repeat receptor-like kinase Fla-
gellin-Sensitive 2 (FLS2) [3].DELLAproteinsareplantgrowth
repressors whose degradation is promoted by the phytohor-
mone gibberellin [4]. Here, we show that DELLA stabilization
contributes to flg22-induced growth inhibition. In addition,
we show that DELLAs promote susceptibility to virulent bio-
trophs and resistance to necrotrophs, partly by altering the
relative strength of salicylic acid and jasmonic acid (JA) sig-
naling. A quadruple-DELLA mutant (which lacks four out
of the five Arabidopsis DELLA proteins [5]) was partially
insensitive to gene induction by Methyl-Jasmonate (MeJA),
whereas the constitutively active dominant DELLA mutant
gai [6] was sensitized for JA-responsive gene induction,
implicating DELLAs in JA-signaling and/or perception. Ac-
cordingly, the elevated resistance of gai to the necrotrophic
fungusAlternaria brassicicola andsusceptibility to thehemi-
biotroph Pseudomonas syringae pv. tomato strain DC3000
(Pto DC3000) was attenuated in the JA-insensitive coi1-16
mutant [7]. These findings suggest an explanation for why
the necrotrophic fungus Gibberella fujikuroi, causal agent
of the foolish-seedling disease of rice, makes gibberellin.
Results and Discussion
A series ofArabidopsismutants impaired in hormone signaling
or biosynthesis was used to test the involvement of known
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s/n, 46022 Valencia, Spain.hormones in flg22-induced growth inhibition. Altered growth
inhibition was detected only in mutants altered in gibberellin
(GA) biosynthesis or signaling (Figures 1A and 1B; Figure S1
and Tables S1 and S2 available online). In Arabidopsis, GA is
perceived by AtGID1a/b/c GA receptors [8]. Binding of GA to
these receptors promotes AtGID1-DELLA protein-protein
interactions, which in turn lead to polyubiquitination (through
the E3 ubiquitin ligase SCFSLY1) and subsequent degradation
of DELLAs by the 26S proteasome [8]. Mutants that stabilize
one or more DELLAs, including sly1-10, the dominant gai,
and the GA-deficient ga1-3, all showed a more pronounced
flg22-induced growth inhibition (Figures 1A and 1B,
Figure S1 and Tables S1 and S2). Conversely, growth of the
loss of function mutant gai-t6 rga-t2 rgl1-1 rgl2-1 (quadruple-
DELLA mutant, deficient in GAI, RGA, RGL1, and RGL2 protein
[5]), was slightly, but statistically significantly (F = 9.18, 1
degree of freedom [dof], p < 0.01, multivariate analysis of var-
iance [MANOVA]; p < 0.01, Student’s t test), less inhibited in
growth by flg22 than were La-er controls (Figure 1B, Table S2).
We next analyzed the effect of flg22 on the accumulation of
the DELLA protein RGA. Flg22 treatment delayed GA-medi-
ated degradation of a GFP-RGA fusion protein (in which the
green fluorescent protein [GFP] is N-terminally fused with the
DELLA RGA; Figure 1C). This stabilization of GFP-RGA was
dependent on a functional FLS2 receptor (Figure 1D) and did
not occur upon treatment with flg22A.tum (Figures 1C and
1D), a variant flg22 derived from Agrobacterium tumefac-
iens flagellin that does not inhibit Arabidopsis growth [2].
Collectively, these results suggest that DELLA stabilization
contributes to flg22-induced growth inhibition, although other
growth-restraining processes are also likely to be involved.
To identify putative downstream targets of DELLAs in the
flg22 response, we compared microarray datasets generated
from nonelicited ga1-3 mutant [9] and wild-type Arabidopsis
seedlings treated with flg22 [1]. Surprisingly, approximately
30% of the transcripts that were more elevated in the ga1-3
mutant, as compared to La-er, were also upregulated by
flg22 (Table S3). Among those, we identified defense-related
genes including a subset of plant defense WRKY transcription
factors [10]. Thus, DELLAs might contribute to a subset of
plant defense responses in addition to their role in flg22-
induced growth inhibition.
To test this hypothesis, we challenged GA-signaling and
biosynthetic mutants with the hemibiotroph Pseudomonas
syringae Pto DC3000 and monitored bacterial growth in adult
plants. Strikingly, gai, ga1-3, and sly1-10 mutant plants dis-
played an approximately 100-fold increase in bacterial titer
compared to La-er-infected plants at both 2 and 4 days post-
inoculation (dpi) (Figure 2A). In contrast, no significant differ-
ence in bacterial growth was observed with the avirulent Pto
DC3000 (AvrRpt2) strain that elicits race-specific resistance
conferred by RPS2 [11] (Figure S2A). Moreover, we did not
observe elevated bacterial growth when we used a Pto
DC3000 hrcC mutant that is deficient in effector delivery to
host cells via type III secretion [12] (Figure S2B). Thus, DELLAs
promote susceptibility to virulent Pto DC3000 and have no
discernible effect on either race-specific resistance or on re-
sistance to Pto DC3000 mutants that cannot deliver effectors.
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showed altered resistance to virulent Pto DC3000. The qua-
druple-DELLA mutant displayed approximately 10-fold reduc-
tion in Pto DC3000 growth at 4 dpi compared to La-er plants
(Figure 2B). Consistently, this mutant was also more resistant
to the virulent oomycete Hyaloperonospora Arabidopsis race
Cala2 (Figure S3). Trypan-blue staining of the quadruple-
DELLA leaves infected with Pto DC3000 revealed microhyper-
sensitive responses (microHRs), a form of plant programmed
cell death, at 18 hr postinoculation (hpi) of the virulent Pto
DC3000, whereas no microHR was observed on wild-type-
infected leaves (Figure 2C). These microHRs were also present
in wild-type leaves treated with the avirulent Pto DC3000
(AvrRpt2) where a rapid RPS2-dependent HR is triggered. No
constitutive microHR was observed in nonelicited quadruple-
DELLA leaves, indicating potentiated rather than constitutive
defense in this mutant.
Salicylic acid (SA) is the major signaling molecule implicated
in plant resistance to biotrophs [13]. We thus investigated
whether DELLAs could influence SA signaling and/or biosyn-
thesis during Pto DC3000 infection. Two SA-dependent
pathogenesis-related protein 1 (PR1) and 2 (PR2) transcripts
displayed earlier and stronger induction in the quadruple-
DELLA- versus La-er-infected plants (Figure 2D). However,
PR1 and PR2 messenger RNA (mRNA) levels were not elevated
in noninfected quadruple-DELLA as compared to La-er plants
(Figure 2D, time 0), indicating that SA-inducible genes are not
constitutively expressed in the quadruple-DELLA mutant.
Figure 1. Flg22 Triggers Seedling Growth Inhibi-
tion by Enhancing DELLA Function
(A) Representative La-er and gai 14-day-old
seedlings grown for 7 days in either 10 nM
flg22A.tum or 10 nM flg22.
(B) Average fresh-weight ratio of 14-day-old
seedlings grown for 7 days in either 10 nM
flg22A.tum or 10 nM flg22. The white bar repre-
sents the average fresh-weight ratio from La-er
seedlings (n = 37); black bars represent the aver-
age fresh-weight ratio from fls2-17 (n = 39), gai
(n = 27), ga1-3 (n = 26), sly1-10 (n = 26), and
quadruple-DELLA (n = 40) seedlings. Similar
results were obtained in three independent
experiments.
(C) Flg22 delays GA-mediated degradation of
GFP-RGA protein. GFP fluorescence (by fluores-
cence confocal microscopy) in tips of
RGAp::GFP-RGA primary seedling roots that
were pretreated for 2 hr with either 1 mM of
flg22A.tum (bottom panels) or 1 mM flg22 (upper
panels), and further challenged with either water
(-GA) or 10 mM GA3 (+GA) for 1 hr is shown. The
GFP-RGA protein was detected by western-blot
analysis with an antibody raised against the GFP
protein. The b-tubulin protein levels were moni-
tored as an equal protein loading control.
(D) The same analysis were performed as in (C)
except that a RGAp::GFP-RGA fls1-17 was
used in this assay.
Free-SA content (but not conjugated-
SA content, data not shown) was
approximately 2-fold higher in the qua-
druple-DELLA-infected plants versus
La-er-infected plants at 24 hpi, whereas
no significant difference between La-er
and the quadruple-DELLA mutant was
seen in uninfected plants (Figure 2E). Thus, DELLAs repress
SA signaling and biosynthesis during Pto DC3000 infection.
Because the SA pathway is antagonistic to the JA/ET
(ET: ethylene) pathway [13], we tested whether hyper-induc-
tion of SA-dependent genes, in the quadruple-DELLA infected
mutant, could be correlated with a suppression of JA/ET-
dependent gene expression. The induction of the JA/ET-
dependent genemarkerPDF1.2byPtoDC3000wassignificantly
delayed in the quadruple-DELLA- as compared to La-er-
infected plants (Figure 2D). We further tested whether DELLAs
could contribute to resistance toward Alternaria brassicicola, a
necrotrophic fungus that is restricted by the JA/ET-defense
pathway in Arabidopsis [14]. At 12 dpi, gai, sly1-10, and ga1-3
mutants were significantly more resistant to A. brassicicola
as represented by fewer and smaller lesions as compared
to La-er-infected leaves (Figure 3A and data not shown).
Conversely, the quadruple-DELLA-infected leaves, at 7 dpi,
were necrotic and heavily colonized with fungal mycelium,
whereas few lesions were observed in wild-type-infected leaves
(Figure 3B, Figure S4A). The quadruple-DELLA mutant was
also more susceptible to the necrotrophic fungus Botrytis
cinerea (Figure S4B). Microscopy of trypan-blue-stained leaves
infectedwithA.brassicicola revealeddenovospore formation in
quadruple-DELLA leaves but not in La-er-infected leaves
(Figure 3B). Furthermore, upregulation of PDF1.2 mRNA
was delayed in infected quadruple-DELLA plants versus
infected La-er controls (Figure 3C). Conversely, infected gai
plants displayed earlier and stronger PDF1.2 mRNA induction
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(A) DELLA gain-of-function mutants are more susceptible to Pto DC3000. Growth of Pto DC3000 on La-er, gai, ga1-3, and sly1-10 plants were assessed
2 and 4 days postinoculation (dpi) of 105 colony-forming units (cfu/ml) bacterial concentration. Inoculation was performed by syringe infiltration on 6- to
7-week-old plants. Error bars represent the standard error of log-transformed data from five independent samples, and similar results were obtained in
two independent experiments.
(B) The quadruple-DELLA loss-of-function mutant is more resistant to Pto DC3000. Bacterial growth was performed on 4- to 5-week-old plants as described
in (A). Results are presented as in (A), and similar results were obtained in two independent experiments.
(C) DELLAs repress cell death during Pto DC3000 infection. Five-week-old La-er and quadruple-DELLA plants were syringe infiltrated with either MgCl2
(Mock) or Pto DC3000 at a concentration of 105 cfu/ml for 18 hr, and trypan-blue-stained leaves were further analyzed by microscopy. La-er plants were
similarly treated with the avirulent Pto DC3000 (AvrRpt2) bacterium (at 105 cfu/ml) as a positive control for cell-death development. Similar results were
obtained in three independent experiments.
(D) The quadruple-DELLA mutant promotes SA-dependent-, and suppresses JA/ET-dependent-, gene induction in response to Pto DC3000. Four-week-old
quadruple-DELLA mutant plants were syringe infiltrated with Pto DC3000 at a concentration of 2 3 107 cfu/ml. PR1 (At2g14610), PR2 (At3g57260), and
PDF1.2 (At5g44420) mRNA levels were monitored by semiquantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis over a 24 hr
time course. Actin2 (At3g18780) was used to control equal cDNA amount in each reaction.
(E) The quadruple-DELLA mutant displays higher free-SA content in response to Pto DC3000. Five-week-old La-er (control: C.) and quadruple-DELLA (mu-
tant: m.) plants were treated with either MgCl2 or Pto DC3000 (at 10
6 cfu/ml) for 24 hr, and free-SA content was measured. Error bars represent the standard
error of three independent samples, and similar results were obtained in three out of four independent experiments.(Figure 3C). Similar gene-expression profiles were obtained
for the JA-dependent markers lipoxygenase 2 (LOX2) [15]
and tyrosine aminotransferase-1 (AtTAT1) [16] over a 6 hr time-
course (Figure 3C), suggesting a role for DELLAs in JA
perception and/or signaling.To test this hypothesis, we treated the quadruple-DELLA
mutant with MeJA and analyzed the kinetics of PDF1.2,
LOX2, and TAT1 mRNA induction. Upregulation of these tran-
scripts was delayed in treated quadruple-DELLA mutant ver-
sus control La-er plants (Figure 4A). PDF1.2 and LOX2 mRNAs
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1 hr after Methyl-Jasmonate [MeJA] treatment), whereas no
significant induction was observed in treated La-er plants at
this time point (Figure 4B). Additionally, TAT1 transcripts dis-
played an approximately 1000-fold induction in MeJA-treated
gai plants versus an approximately 5-fold induction in La-er
controls (Figure 4B), indicating that JA-responsive gene induc-
tion is sensitized in gai. Collectively, these results implicate
DELLAs in JA perception and/or signaling.
We crossed the gaimutant to the JA-insensitive coi1-16 mu-
tant [7] and analyzed the resistance of the double coi1-16 gai
mutant toward Pto DC3000 and A. brassicicola infections. A
partial restoration of both disease resistance to Pto DC3000
and disease susceptibility to A. brassicicola was observed in
the coi1-16 gai (versus gai controls; Figures 4C and 4D).
Figure 3. DELLAs Contribute to Resistance against A. brassicicola and Pro-
mote the JA/ET-Defense Pathway
(A) sly1-10mutant is more resistant toA. brassicicola. Six- to 7-week-old La-
er and sly1-10 plants were spray-inoculated with A. brassicicola spores at
a concentration of 53 105 spores/ml. Pictures were taken at 12 dpi. Similar
results were obtained in three independent experiments.
(B) The quadruple-DELLA mutant is hypersusceptible to A. brassicicola.
Four-week-old La-er and quadruple-DELLA mutant plants were spray inoc-
ulated as described in (A), and pictures were taken at 7 dpi (upper panel).
Fungal growth and sporulation were assessed by microscopy after try-
pan-blue staining of La-er- and quadruple-DELLA-infected leaves (bottom
panels). Similar results were obtained in two independent experiments.
(C) DELLAs promote JA/ET- and JA-dependent gene induction in response
to A. brassicicola. La-er, gai, and quadruple-DELLA mutant plants were
drop inoculated with A. brassicicola spores at a concentration of 5 3 105
spores/ml, and mRNA levels of PDF1.2 (At5g44420), LOX2 (At3g45140),
and TAT1 (At4g23600) were monitored by semiquantitative RT-PCR. Similar
results were obtained in two independent experiments.Consistent with this observation, PDF1.2 was not induced in
infected gai coi1-16 plants (compare with infected coi1-16
plants; Figure S5). Thus, the enhanced resistance to A. brassi-
cicola and susceptibility to Pto DC3000, observed in the gai
mutant, is partly dependent on the JA-signaling pathway.
We show here that DELLAs contribute to flg22-induced
growth restraint (Figures 1A and 1B; Figure S1 and Tables S1
and S2) and that flg22 also delays the GA-mediated degrada-
tion of GFP-RGA in an FLS2-dependent manner (Figures 1C
and 1D). A significant proportion of the flg22-induced genes
were more elevated in the GA-deficient ga1-3 (Table S3).
Among those, some WRKY transcription factors might repre-
sent downstream targets of DELLAs. This is consistent with
other findings reporting a role for WRKYs in GA signaling [17,
18]. For example, the rice OsWRKY71, which regulates plant
defense [19], also represses GA-induced Amy32b a-amylase
promoter in aleurone cells through interaction with W-box ele-
ments present in the Amy32b promoter [18]. Like DELLAs, the
OsWRKY71 protein is nuclear localized and rapidly destabi-
lized upon GA treatment [18]. Importantly, the likely Arabidop-
sis orthologs AtWRKY18 and AtWRKY40 are upregulated in
the flg22 response [1, 20], and overexpression of AtWRKY18
in Arabidopsis also results in dwarfism [21]. Investigation of
whether some WRKYs interact with, and/or act downstream
of, DELLAs might provide a possible molecular mechanism
by which flg22 induces both defense and growth inhibition.
The enhanced disease susceptibility toward Pto DC3000
infection in the DELLA-stabilized mutants (Figure 2A) is in-
triguing given that flg22 (1) retards GA-directed degradation
of GFP-RGA (Figure 1C) and (2) promotes resistance to Pto
DC3000 [1]. It is possible that flg22 induces similar events to
those activated in plants in response to necrotrophs.
Consistent with this idea, flg22 rapidly induces JA- as well as
ET-responsive genes [22] that are also strongly activated dur-
ing necrotroph infections [14]. Moreover, flg22 was shown to
promote resistance against B. cinerea [23]. This result indi-
cates that a branch of the flg22-induced signaling pathway,
which may involve DELLA stabilization, contributes to resis-
tance against B. cinerea and perhaps other necrotrophs.
The role for DELLAs in resistance to necrotrophs and
susceptibility to biotrophs suggests that GA might promote re-
sistance to biotrophs and susceptibility to necrotrophs (by
degrading DELLAs and thus changing the balance of SA/JA
signaling). Consistent with this idea, pretreatment with exoge-
nous GA elevates resistance to Pto DC3000 and susceptibility
to A. brassicicola (Figure S6), thus suggesting that GA should
act as a virulence factor for necrotrophs.
GA was originally identified from the necrotrophic fungus
Gibberella fujikuroi (Fusarium moniliforme) [24], the causal
agent of the bakanae or foolish-seedling disease of rice. Dis-
ease symptoms include extensive seedling elongation with
slender leaves and cause a drastic reduction in rice crop yieds.
However, the mechanism by which GA might promote patho-
gen virulence was unknown. We propose thatGibberellamight
secrete GA as a virulence factor to degrade DELLAs and dis-
able JA-mediated necrotroph resistance in planta, resulting
concomitantly in loss of DELLA-mediated growth restraint.
Experimental Procedures
Plant Materials
All the Arabidopsis thaliana mutants used in this work were in La-er
(gai, ga1-3, sly1-10, quadruple-DELLA, fls2-17) [3, 5, 6, 25–27] or Col-0
(coi1-16, sid2-1, ein3-1, tir1-1) [7, 28–30] accessions.
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(A) The quadruple-DELLA mutant is partially insensitive to MeJA. Ten micro-
molar of MeJA were sprayed onto wild-type La-er and quadruple-DELLA
mutant plants, and the mRNA levels of PDF1.2, LOX2, and TAT1 were
analyzed by semiquantitative RT-PCR. Similar results were obtained in
two independent experiments.
(B) JA/ET- and JA-responsive genes are hyperinduced in MeJA-treated gai
mutant. Treatment was performed as in (A), and the levels of PDF1.2, LOX2,
and TAT1 mRNA were analyzed at 1 hr after MeJA treatment by quantitative
RT-PCR. Transcript levels were normalized to that of Actin2.
(C) Introduction of the coi1-16mutation in the gaimutant partly restores sus-
ceptibility to A. brassicicola. Col-0, La- er, coi1-16, gai, and coi1-16 gai
mutant plants were spray inoculated with 5 3 105 spores/ml, and the
A. brassicicola triggered disease symptoms were analyzed at 7 dpi.
(D) Introduction of the coi1-16 mutation in the gai mutant partly restores re-
sistance to Pto DC3000. Col-0, La-er, coi1-16, gai, and coi1-16 gai 6-week-
old mutant plants were syringe infiltrated with Pto DC3000 at a concentration
of 105 cfu/ml, and bacterial growth was measured at 4 dpi. Error bars repre-
sent the standard error of log-transformed data from five independent sam-
ples, and similar results were obtained in two independent experiments.Growth-Inhibition Assay
Seedlings were grown for 7–8 days on plates containing 13 Murashige-
Skoog (MS) medium (Duchefa), 1% sucrose, and 1% agar under a 16 hr
photoperiod at 22C. Seedlings were then tranferred into MS liquid medium
(one seedling per 500 ml of medium in wells of 24-well plates) and
flg22 (QRLSTGSRINSAKDDAAGLQIA) or flg22A.tum (ARVSSGLRVGDASDNA
AYWSIA) peptides supplied at a final concentration of 10 nM. The fresh
weight of flg22A.tum- versus flg22-treated seedlings from La-er and quadru-
ple-DELLA genotypes was measured 7–8 days after. Flg22-triggered growth
inhibition in genotypes La-er and quadruple-DELLA was compared with
MANOVA and the Student’s t test.
Protein Gel Blot Analyses
Protein extraction and immunoblot analyses were as previously described
[31]. One-week-old pRGA::GFP-RGA or pRGA::GFP-RGAx fls2-17 seed-
lings were transferred into MS liquid medium. Two days after, the seedlings
were elicited with 1 mM of either flg22 or flg22A.tum and further treated with
either water or 10 mM of GA3 for 1 hr more.
Pathogen and MeJA Treatments
The bacterial strains used in this study were Pseudomonas syringae pv.
tomato DC3000 (Pto DC3000), Pto DC3000 carrying the avirulence gene
AvrRpt2, and Pto DC3000 deficient in effector delivery to host cells (Pto
DC3000 hrcC mutant). Bacterial inoculations were performed by syringe
infiltration on 5-week-old quadruple-DELLA mutant and on 6- to 7-week-
old gai, ga1-3, and sly1-10mutant plants. For measurement of bacterial titer,
a concentration of 105 colony-forming units (cfu/ml) of Pto DC3000 and Pto
DC3000 (AvrRpt2) or a concentration of 106 cfu/ml of Pto DC3000 hrcC mu-
tant were used. So that defense-marker genes could be monitored, a con-
centration of 23 107 cfu/ml of Pto DC3000 was used. The necrotrophic fungi
used in this study are Altenaria brassicicola and Botrytis cinerea. A. brassi-
cicola spores were sprayed with a concentration of 53 105 spores/ml on 4-
to 5-week-old quadruple-DELLA plants and on 6- to 7-week-old gai, ga1-3,
and sly1-10 mutant plants. So that the size of A. brassicicola-triggered
lesions and profile defense marker genes could be measured, 5-week-old
quadruple-DELLA plants were inoculated with two drops of 5 ml/leaf with an
inoculum of 53 105 spores/ml. B. cinerea spores were sprayed with a con-
centration of 5 3 105 spores/ml on 5-week-old quadruple-DELLA mutant
plants. Spores of the oomycete Hyaloperonospora Arabidopsis race Cala2
were sprayed at a concentration of 4 3 104 spores/ml on 3-week-old qua-
druple-DELLA mutant plants. MeJA was sprayed on 4- to 5-week-old
La-er, quadruple-DELLA, or gai mutant plants at a concentration of 10 mM.
Histochemical Staining and Microscopy
GFP fluorescence from RGAp::GFP-RGA root tips was observed by confo-
cal microscopy as previously described [31]. Fungal hyphal structures as
well as dead cells were observed by staining of infected leaves with trypan
blue. Infected leaves were transferred in a trypan blue solution (10 ml lactic
acid [DL Sigma L-1250], 10 g glycerol, 10 ml H20, and 10 mg trypan blue)
diluted in ethanol 1:1 and boiled for 1–2 min. The leaves were then destained
overnight in chloral hydrate, washed several times with water, and observed
under a Leica (DMR) microscope.
SA Measurements
Five-week-old Arabidopsis La-er and quadruple-DELLA leaves were
collected 24 hpi of Pto DC3000 at a concentration of 106 cfu/ml. Samples
were prepared as described in the Supplemental Data, and SA contents
were measured with an Agilent 1100 High Performance Liquid Chromatog-
raphy coupled to a Mass Spectrometry (HPLC-MS) as described in
Supplemental Data.
RT-PCR Analyses
Total RNA was extracted with Rneasy Plant Mini kit (QIAGEN). RNA samples
were treated with DNase Turbo DNA-free (Ambion) and reverse transcribed
into complementary DNA (cDNA) with SuperScript III reverse transcriptase
(Invitrogen). The cDNA was further quantified with a SYBR Green qPCR kit
(DyNAmo HS SYBR GREEN qPCR kit from FINNZYMES) and gene-specific
primers as described in the Supplemental Data. Semiquantitative RT-PCR
was performed as previously described [22].
Supplemental Data
Additional Experimental Procedures, six figures, and three tables are avail-
able at http://www.current-biology.com/cgi/content/full/18/9/650/DC1/.
Role of DELLAs in Plant Immunity
655Acknowledgments
We thank Tp. Sun for the pRGA::GFP-RGA lines, J. Peng for the quadruple-
DELLA mutant, L. Hill and A. Soards for technical help on SA measurements,
T. Heitz for spores of A. brassicicola, Vale´rie Cognat for statistical analysis,
and P. Brodersen for comments on the manuscript. L.N., P.L.P., A.N., and
J.D.G.J. were supported by the Gatsby Foundation; R.B., P.A., and N.P.H.
were supported by the Biotechnology and Biological Sciences Research
Council (BBSRC).
Received: January 15, 2008
Revised: March 10, 2008
Accepted: March 26, 2008
Published online: May 1, 2008
References
1. Zipfel, C., Robatzek, S., Navarro, L., Oakeley, E.J., Jones, J.D., Felix, G.,
and Boller, T. (2004). Bacterial disease resistance in Arabidopsis
through flagellin perception. Nature 428, 764–767.
2. Gomez-Gomez, L., Felix, G., and Boller, T. (1999). A single locus
determines sensitivity to bacterial flagellin inArabidopsis thaliana. Plant
J. 18, 277–284.
3. Gomez-Gomez, L., and Boller, T. (2000). FLS2: An LRR receptor-like
kinase involved in the perception of the bacterial elicitor flagellin in
Arabidopsis. Mol. Cell 5, 1003–1011.
4. Sun, T.P., and Gubler, F. (2004). Molecular mechanism of gibberellin
signaling in plants. Annu. Rev. Plant Biol. 55, 197–223.
5. Cheng, H., Qin, L., Lee, S., Fu, X., Richards, D.E., Cao, D., Luo, D.,
Harberd, N.P., and Peng, J. (2004). Gibberellin regulates Arabidopsis
floral development via suppression of DELLA protein function. Develop-
ment 131, 1055–1064.
6. Peng, J., Carol, P., Richards, D.E., King, K.E., Cowling, R.J., Murphy,
G.P., and Harberd, N.P. (1997). The Arabidopsis GAI gene defines a
signaling pathway that negatively regulates gibberellin responses.
Genes Dev. 11, 3194–3205.
7. Ellis, C., and Turner, J.G. (2002). A conditionally fertile coi1 allele
indicates cross-talk between plant hormone signalling pathways in
Arabidopsis thaliana seeds and young seedlings. Planta 215, 549–556.
8. Jiang, C., and Fu, X. (2007). GA action: Turning on de-DELLA repressing
signaling. Curr. Opin. Plant Biol. 10, 461–465.
9. Cao, D., Cheng, H., Wu, W., Soo, H.M., and Peng, J. (2006). Gibberellin
mobilizes distinct DELLA-dependent transcriptomes to regulate seed
germination and floral development in Arabidopsis. Plant Physiol. 142,
509–525.
10. Eulgem, T., Rushton, P.J., Robatzek, S., and Somssich, I.E. (2000). The
WRKY superfamily of plant transcription factors. Trends Plant Sci. 5,
199–206.
11. Whalen, M.C., Innes, R.W., Bent, A.F., and Staskawicz, B.J. (1991).
Identification of Pseudomonas syringae pathogens of Arabidopsis
and a bacterial locus determining avirulence on both Arabidopsis and
soybean. Plant Cell 3, 49–59.
12. Yuan, J., and He, S.Y. (1996). The Pseudomonas syringaeHrp regulation
and secretion system controls the production and secretion of multiple
extracellular proteins. J. Bacteriol. 178, 6399–6402.
13. Kunkel, B.N., and Brooks, D.M. (2002). Cross talk between signaling
pathways in pathogen defense. Curr. Opin. Plant Biol. 5, 325–331.
14. Lorenzo, O., and Solano, R. (2005). Molecular players regulating the
jasmonate signalling network. Curr. Opin. Plant Biol. 8, 532–540.
15. Bell, E., and Mullet, J.E. (1993). Characterization of an Arabidopsis
lipoxygenase gene responsive to methyl jasmonate and wounding.
Plant Physiol. 103, 1133–1137.
16. Lopukhina, A., Dettenberg, M., Weiler, E.W., and Hollander-Czytko, H.
(2001). Cloning and characterization of a coronatine-regulated tyrosine
aminotransferase from Arabidopsis. Plant Physiol. 126, 1678–1687.
17. Rushton, P.J., Macdonald, H., Huttly, A.K., Lazarus, C.M., and Hooley,
R. (1995). Members of a new family of DNA-binding proteins bind to
a conserved cis-element in the promoters of alpha-Amy2 genes. Plant
Mol. Biol. 29, 691–702.
18. Zhang, Z.L., Xie, Z., Zou, X., Casaretto, J., Ho, T.H., and Shen, Q.J.
(2004). A rice WRKY gene encodes a transcriptional repressor of the
gibberellin signaling pathway in aleurone cells. Plant Physiol. 134,
1500–1513.19. Liu, X., Bai, X., Wang, X., and Chu, C. (2006). OsWRKY71, a rice
transcription factor, is involved in rice defense response. J. Plant
Physiol. 164, 969–979.
20. Shen, Q.H., Saijo, Y., Mauch, S., Biskup, C., Bieri, S., Keller, B., Seki, H.,
Ulker, B., Somssich, I.E., and Schulze-Lefert, P. (2007). Nuclear activity
of MLA immune receptors links isolate-specific and basal disease-
resistance responses. Science 315, 1098–1103.
21. Chen, C., and Chen, Z. (2002). Potentiation of developmentally regulated
plant defense response by AtWRKY18, a pathogen-induced Arabidop-
sis transcription factor. Plant Physiol. 129, 706–716.
22. Navarro, L., Zipfel, C., Rowland, O., Keller, I., Robatzek, S., Boller, T.,
and Jones, J.D. (2004). The transcriptional innate immune response to
flg22. Interplay and overlap with Avr gene-dependent defense
responses and bacterial pathogenesis. Plant Physiol. 135, 1113–1128.
23. Ferrari, S., Galletti, R., Denoux, C., De Lorenzo, G., Ausubel, F.M., and
Dewdney, J. (2007). Resistance toBotrytis cinerea induced in Arabidop-
sis by elicitors is independent of salicylic acid, ethylene, or jasmonate
signaling but requires PHYTOALEXIN DEFICIENT3. Plant Physiol. 144,
367–379.
24. Yabuta, T., and Sumiki, Y. (1938). On the crystal of gibberellin, a sub-
stance to promote plant growth. Journal of the Agricultural Chemical
Society of Japan. 14, 1526.
25. McGinnis, K.M., Thomas, S.G., Soule, J.D., Strader, L.C., Zale, J.M.,
Sun, T.P., and Steber, C.M. (2003). The Arabidopsis SLEEPY1 gene
encodes a putative F-box subunit of an SCF E3 ubiquitin ligase. Plant
Cell 15, 1120–1130.
26. Sasaki, A., Itoh, H., Gomi, K., Ueguchi-Tanaka, M., Ishiyama, K.,
Kobayashi, M., Jeong, D.H., An, G., Kitano, H., Ashikari, M., and
Matsuoka, M. (2003). Accumulation of phosphorylated repressor for
gibberellin signaling in an F-box mutant. Science 299, 1896–1898.
27. Sun, T.P., and Kamiya, Y. (1994). The Arabidopsis GA1 locus encodes
the cyclase ent-kaurene synthetase A of gibberellin biosynthesis. Plant
Cell 6, 1509–1518.
28. Chao, Q., Rothenberg, M., Solano, R., Roman, G., Terzaghi, W., and
Ecker, J.R. (1997). Activation of the ethylene gas response pathway in
Arabidopsis by the nuclear protein ETHYLENE-INSENSITIVE3 and
related proteins. Cell 89, 1133–1144.
29. Gray, W.M., del Pozo, J.C., Walker, L., Hobbie, L., Risseeuw, E., Banks,
T., Crosby, W.L., Yang, M., Ma, H., and Estelle, M. (1999). Identification
of an SCF ubiquitin-ligase complex required for auxin response in
Arabidopsis thaliana. Genes Dev. 13, 1678–1691.
30. Wildermuth, M.C., Dewdney, J., Wu, G., and Ausubel, F.M. (2001).
Isochorismate synthase is required to synthesize salicylic acid for plant
defence. Nature 414, 562–565.
31. Achard, P., Cheng, H., De Grauwe, L., Decat, J., Schoutteten, H., Moritz,
T., Van Der Straeten, D., Peng, J., and Harberd, N.P. (2006). Integration
of plant responses to environmentally activated phytohormonal signals.
Science 311, 91–94.
